
Tests	  of	  various	  schemes	  for	  represen2ng	  
model	  uncertainty	  in	  the	  GFS	  	  
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Methods	  for	  represen2ng	  model	  
uncertainty	  in	  ensembles	  

•  MulI-‐model	  ensembles	  
– Pros	  

•  Everybody	  gets	  to	  keep	  working	  on	  their	  own	  model.	  
•  Seems	  to	  work	  well	  for	  seasonal	  predicIons	  

– Cons	  
•  Heavy	  maintenance	  burden	  –	  hard	  to	  keep	  all	  models	  
equally	  skillful.	  

•  Addresses	  uncertainIes	  in	  model	  formulaIon	  –	  but	  not	  
the	  effects	  of	  sub-‐grid	  scale	  variability.	  



Methods	  for	  represen2ng	  model	  
uncertainty	  in	  ensembles	  

•  Parameter	  perturbaIons	  
– Pros	  

•  RelaIvely	  simple	  to	  create	  (no	  need	  to	  develop	  new	  
schemes).	  

– Cons	  
•  How	  to	  determine	  the	  sensiIve	  parameters,	  what	  a	  
reasonable	  parameter	  range	  is?	  

•  Nonlinear	  interacIons	  between	  processes	  (radiaIon/
convecIon/boundary	  layer).	  Easy	  to	  push	  model	  into	  
an	  unrealisIc	  regime.	  



Methods	  for	  represen2ng	  model	  
uncertainty	  in	  ensembles	  

•  StochasIc	  parameterizaIon	  
– Pros	  

•  PotenIally	  a	  more	  rigorous	  approach.	  
•  They	  have	  a	  determinisIc	  limit	  –	  can	  maintain	  a	  single	  
model	  for	  determinisIc	  and	  ensemble	  predicIon.	  

– Cons	  
•  Hard	  to	  find	  observaIons	  to	  inform	  development	  (use	  
LES	  simulaIons	  instead?)	  

•  Should	  be	  done	  from	  the	  ground-‐up,	  at	  the	  process	  
level.	  



NCEP operational scheme (STTP) 
Stochastic Total Tendency Perturbation 

random	  linear	  combinaIons	  of	  ensemble	  tendency	  
perturbaIons	  added	  to	  state	  every	  6-‐h	  

(enIre	  ensemble	  must	  be	  run	  concurrently).	  



Schemes	  tested	  

•  StochasIcally-‐perturbed	  physics	  tendencies	  
(SPPT)	  –	  operaIonal	  ECMWF	  scheme.	  

•  VorIcity	  confinement	  (VC)	  –	  under	  
development	  at	  UKMET	  and	  ECMWF.	  

•  StochasIcally-‐peturbed	  boundary-‐layer	  
humidity	  (SHUM).	  



Simplified	  version	  of	  GFS	  for	  prototyping	  	  
•  GFS	  dycore	  modified	  to	  make	  it	  easier	  to	  prototype	  
new	  schemes.	  	  Not	  a	  parallel	  development	  path!	  
– No	  MPI	  (runs	  on	  a	  single	  node	  using	  openMP	  threading).	  	  
EnIre	  3-‐D	  grids	  easily	  accessible.	  Code	  easier	  to	  modify.	  

– On	  one	  12-‐core	  jet	  node,	  runs	  twice	  as	  slow	  as	  opnl	  GFS	  
on	  two	  nodes	  (same	  throughput	  per	  CPU).	  

•  Differences	  with	  operaIonal	  GFS	  
– Uses	  two	  Ime-‐level	  semi-‐implicit	  RK3	  (Kar,	  2006),	  instead	  
of	  three-‐Ime	  level	  semi-‐implicit	  leapfrog.	  

– No	  reduced	  gaussian	  grid,	  NSST,	  surface	  cycling.	  
•  gfs-‐dycore.googlecode.com	  (branches/stochasIc)	  



ValidaIon	  of	  simplified	  GFS	  (AC	  skill)	  



ECMWF method (SPPT) 
Stochastically Perturbed Physics Tendency 

•  Perturbed Physics tendencies 
  Xp = (1+ rµ)Xc

Original tendencies 
 from gbphys 

µ- vertical weight:  1.0 between surface and 100 hPa, decays to zero 
between 100 hPa and 50 hPa. 
 

r- horizontal weights: ranges from -1.0 to 1.0, a red noise process with a 
•  Temporal timescale of 6 hours 
•  e-folding spatial scale of 500 km 



	  500	  km	  
6	  h	  

	  1000	  km	  
	  	  	  	  3	  d	   	  2000	  km	  

30	  d	  

Examples	  of	  stochas2c	  pa?erns	  

(from	  M	  Leutbecher)	  



Vor2city	  confinement	  
(Sanches,	  Williams	  and	  Shufs,	  2012	  QJR	  doi	  10.1002)	  
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Figure 5: Vorticity confinement computation(from left to right): the velocity field w4 and the scalar quantity of vorticity (yellow), the
normalized gradient of the vorticity, the confinement forces

for the spatial discretization and reduces the confinement force
fcon f for finer grids. In my implementation I use a dimensionless
grid spacing of 1.0 for all grid sizes, so this factor would have no
influence at all and is therefore not included in equation 11 (Stein-
hoff [Steinhoff and Underhill 1994] also neglects this term). The ε
factor controls the amount of small scale detail added to the velocity
field.

In Figure 5 (screenshot taken from the flowanim demo) I dis-
play the magnitude of the vorticity |ω| as a scalar field with inten-
sities of yellow to visualize the heightfield (overlayed by the veloc-
ity field w4). The vector field in the middle shows the normalized
gradient field N and the field on the right shows the vorticity con-
finement forces, pointing from red to blue. These quantities are
animated in real time with the rest of the simulation and can be
examined at any time to estimate the proper ε factor for visually
pleasing results. The higher the ε factor is set, the smaller and more
localized the vortices become. This can diverge for too high ε set-
tings (which is also dependent on the timestep and machine speed)
and leads to quite interesting, highly turbulent visuals (Figure 3 was
created using the turbulence resulting from a very high confinement
forces).

Figure 6: Two frames of animation from two mpeg movies created
using flowanim and mpeg2encode. Both frames depict the 60th
frame of the movie. The left animation is created without vorticity
confinement, the one on the right with vorticity confinement and a
relatively high force factor

Figure 6 shows the results of vorticity confinement in animating
a simple smoke scene. In this case, the confinement force factor
was set to 0.5 (with a timestep of 0.6 and a gridsize of 256×256 on
a pentium III 1GHz with GeForce2 GTS), which results in strong
turbulence and lots of small scale detail compared to the left image

without vorticity confinement. Both animations were created using
identical initial force and smoke density configurations and each
screenshot resembles the same frame of animation (the 60th frame
in both cases).

6 Controlling the Smoke and Making
Movies

The control in my demo flowanim is keyboard/mouse driven. The
easiest way to set up a good control scheme is to pause the simula-
tion, inject matter and forces into the static grid, save the initial con-
figuration and then play it back, altering the settings for timestep,
viscosity, dissipation and confinement force until the desired smoke
animation is achieved. I have tried this with varying grid sizes, and
on my test machine (a pentium III 1GHz with GeForce2 GTS) the
framerates are still interactive up to a grid size of 256×256 with a
framerate of approximately 3 frames per second (this is only possi-
ble when all other visualization windows for the velocity field and
vorticity computation are disabled). The stills in Figure 7 are all
created using the method described above.

To create mpeg movies of the smoke animations I have added a
screenshot functionality to flowanim which flushes out a sequence
of ppm images. These I then feed to mpeg2encode 1 to create an
mpeg video sequence. Additionally, each still ppm image wraps and
can therefore be used as a seamlessly tiling texture for an arbitrary
mesh.

7 Results and Possible Extensions

The animation stills in Figure 7 show the increased visual real-
ism added by tweaking the amount of vorticity confinement force
added. But even if realism is not what the animator desires, by set-
ting the confinement force factor to values beyond simulation sta-
bility, the field tends to exhibit an unnatural yet visually interesting
amount of turbulence which can still be controlled by the animator
(to a certain degree). In Figure 7 this effect is already introduced
in the far right column where, physically, “too much” small scale
detail is added, leading to a more “comic” like effect (which can be
interesting and useful in some cases).

Due to certain time constraints and the reduced scope of this
project I didn’t implement some interesting extensions to the soft-
ware. Some of these are

1http://www.mpeg.org/MPEG/MSSG/

ε=0.6	  in	  our	  experiments	  



Stochas2c	  boundary-‐layer	  humidity	  

•  SPPT	  only	  modulates	  exisIng	  physics	  tendency	  
(cannot	  change	  sign,	  trigger	  new	  convecIon).	  

•  Triggers	  in	  convecIon	  schemes	  very	  sensiIve	  to	  
BL	  humidity.	  

•  VerIcal	  weight	  r	  decays	  exponenIally	  from	  
surface.	  Added	  every	  Ime	  step	  aker	  physics	  
applied.	  Random	  pafern	  µ has a (very small)  
amplitude of 0.00375, horizontal/vertical 
scales (250 km, 3-h). 	  

qperturbed = (1+ rµ)q



850 mb Zonal Wind forecast statistics 
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Ensemble	  Mean	  Error	  
	  	  	  	  	  	  	  	  	  (control)	  

Ensemble	  Spread	  
	  	  	  	  	  	  	  (control)	  

Ensemble	  Spread	  
(SPPT+SHUM+VCl)	  

Ensemble	  Spread	  
	  	  	  	  (STTP)	  

Zonal	  Wind	  Spread	  



U	  spread	  differences	  	  

VC	  spread	  –	  control	  spread	  

SPPT	  spread	  –	  control	  spread	   SHUM	  spread	  –	  control	  spread	  

STTP	  spread	  –	  control	  spread	  



Ensemble	  Mean	  Error	  
	  	  	  	  	  	  	  	  	  (control)	  

Ensemble	  Spread	  
	  	  	  	  	  	  	  (control)	  

Ensemble	  Spread	  
(SPPT+SHUM+VC)	  

Ensemble	  Spread	  
	  	  	  	  	  	  	  (SPPTl)	  

Geopoten2al	  Height	  Spread	  



Z	  spread	  differences	  
VC	  spread	  –	  control	  spread	  

SPPT	  spread	  –	  control	  spread	   SHUMs	  pread	  –	  control	  spread	  

STTP	  spread	  –	  control	  spread	  



Specific	  Humidity	  Spread	  

Ensemble	  Mean	  Error	  
(control)	  

Ensemble	  Spread	  
(control)	  

Ensemble	  Spread	  
(SPPT+SHUM+VC)	  

Almost	  all	  of	  the	  spread	  increase	  comes	  from	  SHUM	  

Ensemble	  Spread	  
(STTP)	  



Bias	  

Humidity	  
ß Control	  
	  	  	  	  ALL	  à	  

Temp	  
ß Control	  
	  	  	  	  ALL	  à	  

Most	  of	  addiIonal	  bias	  
comes	  from	  SHUM	  



KE	  spectra	  



KE	  spectra	  (log-‐log)	  

VC	  has	  flafer	  mesoscale	  spectrum	  	  
(-‐5/3	  instead	  of	  -‐3?)	  



Typhoon	  Saola	  0z1aug2012	  



Typhoon	  Saola	  0z1aug2012	  



Typhoon	  Saola	  0z1aug2012	  



Typhoon	  Saola	  0z1aug2012	  



Typhoon	  Saola	  0z1aug2012	  



Typhoon	  Saola	  0z1aug2012	  



Typhoon	  Saola	  0z1aug2012	  



Typhoon	  Saola	  0z1aug2012	  



Typhoon	  Saola	  0z1aug2012	  



Typhoon	  Saola	  0z1aug2012	  



Typhoon	  Saola	  0z1aug2012	  



Typhoon	  Saola	  0z1aug2012	  



Effect	  on	  3-‐d	  forecast	  TC	  posi2on	  spread	  



Summary 	  	  
•  NCEP’s	  STTP	  scheme	  mostly	  affects	  the	  extra-‐tropics	  in	  the	  

winter	  hemisphere	  where	  tendencies	  are	  largest.	  
•  VC	  also	  is	  most	  acIve	  in	  extra-‐tropics,	  but	  more	  equally	  in	  

winter	  and	  summer	  hemisphere.	  
–  Slight	  increase	  in	  mid-‐lat	  RMS	  error,	  strengthens	  tropical	  cyclones.	  

•  SPPT	  and	  SHUM	  schemes	  have	  more	  of	  an	  impact	  in	  the	  
tropics	  (including	  TCs)	  and	  the	  summer	  hemisphere.	  	  
–  Complement	  each	  other,	  since	  SPPT	  modules	  amplitude	  of	  exisIng	  
convecIon	  while	  SHUM	  changes	  the	  locaIon	  of	  convecIve	  precip.	  

•  SHUM	  creates	  a	  warm	  (dry)	  bias	  in	  lower	  (upper)	  tropical	  
troposphere.	  
–  Slightly	  increases	  (decreases)	  global	  mean	  precip	  (precipitable	  
water).	  

•  TC	  spread	  (track	  and	  intensity)	  increases	  dramaIcally	  with	  
combinaIon	  of	  VC/SPPT/SHUM.	  	  STTP	  has	  lifle	  impact	  on	  
TC	  spread.	  



Next	  Steps	  

•  Test	  in	  ensemble	  3DVar	  DA	  cycle.	  
– Can	  we	  decrease	  addiIve	  inflaIon?	  
– Do	  background-‐error	  covariances	  improve?	  

•  InvesIgate	  sources	  of	  bias	  in	  SHUM	  scheme.	  
•  More	  extensive	  TC	  verificaIons.	  
•  Port	  VC	  and	  SHUM	  to	  operaIonal	  GFS	  
codebase?	  (SPPT	  already	  done).	  

	  



Extra	  slides	  



850 mb Temperature forecast statistics 



500 mb Height forecast statistics 
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